Efficiency of dye-sensitized solar cell (DSSC) depends on several interrelated factors such as type and concentration of dye, type and thickness of photoelectrode and counter electrode. Optimized combination of these factors leads to a more efficient cell. This paper presents the effect of these parameters on cell efficiency. TiO 2 nanoporous thin films of different thicknesses (5 µm to 25 µm) were fabricated on indium doped tin oxide (ITO) coated glass by doctor blading method and characterized by inverted microscope, stylus surface profiler and scanning electron microscope (SEM). Natural organic dye of different concentrations, extracted from turmeric, was prepared with ethanol solvent. Different combinations of dye concentrations and film thicknesses along with different types of carbon catalyst have been investigated by I-V characterization. The result shows that the cell made of a counter electrode catalyst material prepared by candle flame carbon combined with about 15 µm thick photoelectrode and 100 mg/mL dye in ethanol solvent, achieves the highest efficiency of 0.45 %, with open circuit voltage of 566 mV and short circuit current density of 1.02 mA/cm 2 .
Introduction
Nowadays, it is becoming ever more important to search alternative inexpensive and efficient energy sources that can produce clean, inexhaustible energy playing a vital role for the development of a globally sustainable society [1] [2] [3] . Until now, solar energy harvesting using a photovoltaic cell is the most easily exploitable, sustainable, quiet, environment-friendly and adjustable to various applications among the renewable power sources [4] [5] [6] [7] .
Various types of photovoltaic cells have been developed so far. Though in 1991 Grätzel along with his co-workers developed a new type of solar cell known as dye-sensitized solar cell (DSSC) [5] , it has gained significant attention in recent years. It is characterized by low-cost manufacturing process, ease of fabrication, good performance under diffuse light conditions, and modifiable aesthetic * E-mail: makhan.inst@gmail.com features such as color, transparency, and flexibility [8] [9] [10] [11] [12] . Basically, DSSC is comprised of a transparent conducting glass electrode with a porous layer of semiconductor (e.g. TiO 2 ) coated with a dye (which can be organic, inorganic or hybrid), an electrolyte layer containing the iodine/triiodine (I − /I − 3 ) redox couple, and a counter electrode typically coated with graphite or platinum [13] [14] [15] [16] [17] . Dye sensitized solar cells (DSSCs) function by sensitizing nano-particulate photoanode (DSSC's anode, i.e. working electrode) or photocathode semiconductor films. Dyes are referred to as "sensitizer" that sensitizes wide band gap semiconductors. In DSSCs, charge separation by kinetic competition is similar to natural photosynthesis where the dye substitutes chlorophylls, nano-structured semiconductor layer substitutes, nicotinamide adenine dinucleotide phosphate and carbon dioxide act as the electron acceptor [3] [4] [5] [6] [7] [8] .
The performance of a DSSC largely depends on the dye sensitizer and the photoanode acceptor materials [3] . Titanium dioxide semiconductor nanoporous thin film acting as a photoanode provides a high surface area that adsorbs dye molecules facilitating efficient injection of electrons into its conduction band [8, 18] . Moreover, cell efficiency is related to the range of light absorption spectrum which, in turn, is related to energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the sensitizer. A small energy gap that is similar to photon energy coming from the sun is required to absorb a big portion of the solar spectrum. Additionally, the energy levels of HOMO and LUMO need to match with the redox potential of the redox couple that is present in the electrolyte solution [18] . In our laboratories, we have recently used the dye obtained from turmeric (Curcuma Longa sp.) -a natural dye -to observe the effect of photovoltaic performance. Analysis was performed for the natural dye extracting solvents and the impact of sensitization time on photovoltaic performance of DSSCs [19] . However, the effect of DSSCs electrode fabrication parameters in case of turmeric sensitizer has not been studied yet.
The objective of this research work is to fabricate more efficient DSSC based on natural dye sensitizer by optimizing several cell fabrication parameters, namely thickness of titanium dioxide photoanode layer, concentration of natural dye solution and counter electrode materials. The effect of natural dye of different concentrations with varying soaking time (dye absorption/dipping time) on different thickness titanium dioxide layers and different counter electrodes made of different catalyst materials has been studied. Moreover, surface morphology of titanium dioxide layers of the most efficient cell found among the cells of this experiment has been taken into account to understand the role of surface properties on cell efficiency. 
Methods

Extraction of natural dye sensitizers
After washing in a beaker with distilled water, the oven was used to dry the beaker at temperature of 60°C and then it was cooled naturally up to 25°C. Next, the turmeric in dry form with weight of 5 g was dipped at different volumes (50 mL, 100 mL, 200 mL) of ethanol solvents in three dried separate beakers to prepare the dye solutions of different concentrations. The beakers, after sealing the upper part with aluminum foil, were kept in dark room to extract color by self-extraction process.
Preparation of TiO 2 photoanode
1.0 g TiO 2 nanopowder (Degussa P25), 0.2 mL titanium (IV) isopropoxide, 1.0 mL citric acid (0.1 M), 0.1 mL polyethylene glycol and 0.05 mL nonionic surfactant Triton X-100 were mixed, stirred for a few minutes and sonicated using an ultrasonic bath (Model: SB-3200 BTBM, China) for 20 minutes to make a homogeneous paste. This precursor paste was used to coat ITO glass substrates (surface area = 1 cm 2 and surface resistance 15 ohm/cm 2 ) using doctor blade method, and then the substrates were annealed at 450°C forfor few minutes naturally in air to get the finished photoanodes.
Preparation of liquid electrolyte
0.127 g (0.05 M) iodine and 0.83 g (0.5 M) potassium iodide were mixed thoroughly in 10 mL ethylene glycol (C 2 H 6 O 2 ). This solution, which was used as DSSC electrolyte, was stored in a black bottle sealed with aluminum foil paper [21] .
Preparation of counter electrode
To prepare counter electrodes, we collected carbon from various sources, such as carbon from recycled battery, HB pencil, 6HB pencil, wood coal, bamboo coal, and a tip of candle flame. Then, six types of counter electrodes have been prepared by using these different forms of carbon according to our previous study [20] . Here, the conductive side of one ITO coated glass was placed over the tip of a candle flame for 30 s to get a dark shade of carbon for one of the counter electrodes [19] .
Fabrication DSSC device
Photoelectrode with dye adsorbed into the TiO 2 paste coated surface and the carbon coated surface of counter electrode were set face to face using two binder clips. Afterward, two drops of the electrolyte solution were poured between the two electrodes and sealed with insulation tape properly to prevent leak out the electrolyte. Finally, the two electrodes were connected with connecting wire making the fabricated cell capable of harvesting energy from light.
Characterization of DSSC cells 3.1. Electrical characterization and measurements
The experimental setup for measuring the photoelectric parameters such as open-circuit voltage (V oc ), short-circuit current density (J sc ), and power density (mW/cm 2 ) has been described in Fatai et al. [22] . One variable resistor (1000 ohm), two high precision multimeters, one fabricated cell and some connecting wires were required for the complete setup. The whole setup was placed in a handmade sun simulator of approximately 100 mW/cm 2 illumination power. To obtain different current values corresponding to different voltage values, the value of variable resistor was varied. Fill factor (FF) of the DSSC was obtained by:
where J sc and V oc are the short-circuit current density (mA/cm 2 ) and open-circuit voltage (V) respectively, J max and V max are the short-circuit current density and the open-circuit voltage at maximum power point (P max ) of the J-V curve. The overall energy conversion efficiency (η) is defined as:
where, P in is the power of incident light.
Film thickness measurement
A Dektak 150 (Veeco, USA) Stylus Surface Profiler was used to study the surface morphology and film thickness of the prepared samples. The following parameters values were set during the investigation: resolution was 0.427 µm/sample, the time of 50 s was measurement time period, the force of 3 mg was measured as stylus force with 12.5 µm radius and the hills and valleys were observed as the measurement profile.
Surface morphology and particle size measurement
Surface morphology and particle size were examined by Field Emission Scanning Electron Microscope (FESEM) (JEOL JSM-7600F, Tokyo, Japan). At 5 kV to 7 kV, FESEM imaging was performed.
Results and discussion
4.1. Catalyst selection for counter electrode Fig. 1 and Table 1 present the photovoltaic performance (Voc, Jsc, FF and η %) of DSSCs for counter electrodes based on various forms of carbon catalyst. All the studies in this experiment were carried out for the samples prepared in 2 h dye soaking time, TiO 2 film thickness of 10 µm and dye concentration of 0.135 mol/L. It has been observed (Fig. 1d) , that the carbon catalyst on the counter electrode, obtained from different sources, has an effect on DSSC's efficiency [19] . Among them, nocatalyst and carbon from bamboo coal show the lowest efficiency. On the other hand, the carbon from a tip of candle flame shows the highest efficiency of 0.25 % with open circuit voltage 570 mV and short circuit current 0.90 mA/cm 2 . This is because the electrolytic charge (ions) I − /I − 3 can easily enter into the pores of the candle flame carbon atoms which influences the cell efficiency. Moreover, maybe carbon from candle flame has higher surface resistivity and better adhesion than graphite (HB/6HB pencil) and wood/bamboo coal. According to Imoto et al. [23] , the performance of photovoltaic cell is greatly influenced by the roughness of carbon electrode. Table 2 present the effect of TiO 2 film thickness on cell performance. Five samples of different thicknesses in the range of 5 µm to 25 µm were investigated. Here, the counter electrode was prepared from a tip of candle flame, and dye concentration was 0.135 mol/L with 2 h dye soaking time. It has been assumed that with the increase of TiO 2 film thickness, the efficiency of the cell will also increase by improving the light absorption. However, practically the cell efficiency is changing nonlinearly and non-monotonically. From Fig. 2 it is seen that the open-circuit voltage and short-circuit current swing inconsistently with the film thickness. The open-circuit voltage reaches a maximum point for 10 µm film thickness whereas short-circuit current reaches the highest value for 15 µm. The cell efficiency reaches the peak point for 15 µm film thickness. Fitra et al. [24] and Kumari et al. [25] reported the maximum efficiency obtained at lower film thickness. Baglio et al. [26] reported that they found the best efficiency at the film thickness of 10 µm. Rajab et al. [27] reported that for a typical DSSC, film the thickness would be approximately 10 µm. Higher thickness results also in the reduction of electron diffusion length increasing electron recombination. The back electron transfers increase with increasing the film thickness and therefore lowering of V OC occurs. Therefore, the cell performance would decrease [25, 27] . Short circuit current also decreases starting from a certain thickness with increasing film thickness, because series resistance increases with increasing film thickness. It is caused by the recombination of electrons with I − 3 ions on the TiO 2 surface and hence, lowering the J sc [25] . Fig. 3 shows the inverted microscope images of the samples of different thicknesses, where a lot of cracks are observed. From these images, it is clear that with increasing thickness, the crack size and width increase which may reduce the charge transfer from TiO 2 surface to ITO coated surface.
Effect of TiO 2 film thickness on cell efficiency
Effect of dye concentration on cell efficiency
In previous section 4.2, we found that TiO 2 film of 15 µm thickness showed the maximum efficiency. In this section, the effect of dye concentration on cell efficiency for the samples of 15 µm thickness was studied. The 5 g of dry turmeric was mixed with 50 mL, 100 mL and 200 mL ethanol solvent and the molar concentration of the dye was calculated and tabulated in Table 3 according to the following formula: where sample weight is in g, solvent volume is in mL and molar mass of turmeric is 368.39 g/mol. It is observed from Fig. 4 and Table 3 for 2 h soaking time samples, that the cell efficiency has increased when the dye concentration was increased. Though it is not firmly proved that the efficiency increases with increasing dye concentration but it has been found in this research that the efficiency increased from 0.31 % to 0.45 % while the dye concentration was changed. Chou et al. [28] showed that the cell efficiency was increased with the increased dipping time for low dye concentration, and also indicated that higher concentration and lower dipping time lead to better efficiency. Table 3 shows the photovoltaic parameters of samples obtained after 2 hour soaking time in dyes with three different concentrations and Fig. 5 shows the J sc -V characteristics curve for the most efficient cell. 6 shows the surface morphology, examined by the Dektak-150 surface profiler for the optimized cell photoanode before dipping into the dye. For TiO 2 film coating thickness measured by the Dektak-150, a total 75 µm active TiO 2 coating length of the sample was measured. Letters R and M i.e. red and green shaded areas inside Fig. 6 represent the reference and measured area of the film to estimate the film coating thickness. On ITO glass substrate, 15 µm thickness of TiO 2 coating was found. As it is seen in Fig. 6 , the surface is almost even with the negligible fluctuation of about 50 Å to 100 Å. These fluctuations might have occurred due to the presence of dust particles [29] . 
SEM analysis of TiO 2 film for optimized cell
Scanning electron microscopy (SEM) was used to observe the morphological features of the TiO 2 nanoporous thin film surface after heat treatment of DSSC photoanode (Fig. 7a) and after adsorbing of dye on the surface of TiO 2 nanoporous thin film (Fig. 7b) . It is revealed that the spherical TiO 2 nanoparticles with an average size around 10 nm to 20 nm, are homogenously distributed and clustered together. It is observed from Fig. 7a that there are lots of pores in TiO 2 matrix which is very important so as the dye could enter into the nanosized matrix. It can be seen that on the surface and in the spaces between the layers of the coating no fractures exist. It indicates a good connection of interparticles and interlayers. TiO 2 coated surface of the photoanode is rough, but the roughness can be reduced by using spin-coater. A significant variation was observed between the adsorbed dye sample and no dye sample. As shown in Fig. 7b , the highest number of the nanopores are filled by the molecules of the used dye [30] .
Conclusions
In the present study, natural dye based dye sensitized solar cells were successfully fabricated and optimized. The optimization of the solar cell was done in terms of counter electrode catalyst material, photoanode thickness, and dye concentration. Extracted photoanode were characterized by inverted microscope, surface profiler and scanning electron microscope. Photovoltaic characteristics of the fabricated cells were studied in terms of cell efficiency. The best optimized cell photoanode thickness was 15 µm, soaking time in ethanol extracted dye was 2 hours and the counter electrode catalyst material was a candle flame carbon. In optimized condition, the photovoltaic parameters V oc , I sc , FF, power density and efficiency were 566 mV, 1.02 mA/cm 2 , 0.78 and 0.45 %, respectively. The morphology of the optimized cell showed good nanoporous TiO 2 film with a smooth flat surface.
